We present the observation of an isostructural Mott insulator-metal transition in van-der-Waals honeycomb antiferromagnet V0.9PS3 through high-pressure x-ray diffraction and transport measurements. The MPX3 family of magnetic van-der-Waals materials (M denotes a first row transition metal and X either S or Se) are currently the subject of broad and intense attention, but the vanadium compounds have until this point not been studied beyond their basic properties. We observe insulating variable-range-hopping type resistivity in V0.9PS3, with a gradual increase in effective dimensionality with increasing pressure, followed by a transition to a metallic resistivity temperature dependence between 112 and 124 kbar. The metallic state additionally shows a low-temperature upturn we tentatively attribute to the Kondo Effect. A gradual structural distortion is seen between 26-80 kbar, but no structural change at higher pressures corresponding to the insulator-metal transition. We conclude that the insulator-metal transition occurs in the absence of any distortions to the lattice -an isostructural Mott transition in a new class of two-dimensional material, and in strong contrast to the behavior of the other MPX3 compounds.
Layered two-dimensional van-der-Waals materials are currently the subject of broad and detailed research [1] . In particular, the addition of magnetism into such systems leads to many interesting fundamental questions and opportunities for device applications [2] [3] [4] [5] , and the ability to select or tune electronic and transport properties in these materials would be a powerful tool indeed for the fabricators of a new generation of nanoscale devices. One particular family of materials enjoying a sudden surge of interest is that of MPX 3 , where M denotes a first row transition metal and X either S or Se. First synthesized by Klingen in 1969 [6] [7] [8] , initial interest in these materials beyond their basic characterization was for application as battery materials -see Grasso and Silipigni [9] for a review. In more recent years they have been studied in detail as excellent examples of two-dimensional magnetic systems -these materials all share very similar structures, but spin states, magnetic ordering, magnetic anisotropy and critical behavior change with the transition metal [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . MPX 3 form a layered honeycomb lattice of the metal ions [20] [21] [22] [23] with monoclinic space group C2/m and interplanar forces solely through a van-der-Waals interaction between the surrounding P 2 S 6 clusters. They can be easily mechanically exfoliated as with graphene and have been shown to maintain their magnetic ordering down to monolayer thickness [24, 25] . These materials are all insulating -they exhibit an exponentially increasing resistivity with decreasing temperature -and can be understood as p-type semiconductors [9] and as Mott insulators [26] . Recent works have demonstrated Mott insulator-metal transitions in MnPS 3 and FePS 3 [26] [27] [28] and additionally superconductivity in FePSe 3 [29] . The tuning of clean and controllable materials like these from an antiferromagnetic Mott insulating state into a metallic, or indeed superconducting, state is of great interest for fundamental magnetism and Mott physics. Moreover, this same physics forms the foundation for our understanding of the underlying phase diagram and mechanisms for systems like the cuprate superconductors. VPS 3 , or more generally V 1−x PS 3 with x the level of vanadium deficiency, is a member of the family that has received very little attention, despite hosting great potential for interesting study. It has the smallest band gap of these insulating materials at around 0.25 eV [22, 30, 31] , and by far the lowest resistivity (on the order of Ωcm) at room temperature. This can additionally be tuned over an order of magnitude by altering the level of vanadium deficiency [31] . Theoretical band structure calculations for the whole material family, including VPS 3 are given in Chittari et.al. [32] , showing a band gap and insulating/semiconducting behavior, but such calculations on these materials are challenging and historically often contradict with experiment. V 1−x PS 3 is antiferromagnetic [22] , with a Néel temperature of around 62 K but little is known about its magnetic structure and behavior. As the metal ion in MPX 3 must take the charge M 2+ , the vanadium deficiency in V 1−x PS 3 can be explained as due to valence mixing on the vanadium site between V 2+ and V 3+ states. It is this valence mixing that Ichimura and Sano [31] argue to be responsible for the comparatively high conductivity in this material -but the resulting high degrees of local electronic disorder and vacancies can be expected to have a large effect on the transport and scattering properties.
RESULTS

Crystal structure
High-pressure powder x-ray diffraction patterns were taken at room temperature up to 177 kbar. Besides an expected decreasing unit volume as the sample is pressurized, no changes in the diffraction patterns from the ambient pressure patterns, and hence the structure described by Ouvrard et.al. [22] , were observed up to 26 kbar. From 26 to 80 kbar however, a gradual transition to an alternative high-pressure structure was observed (see Fig. 1 ). This new phase (we will denote the ambient and low pressure structural phase LP and this high-pressure phase HP-I) can be attributed to the same structure seen in FePS 3 at intermediate pressures and designated HP-I by Haines et.al. [26] . The layers of V 0.9 PS 3 shift relative to each other in a sliding motion of ∼ a/3 along the a-axis such that the S atoms become arranged in a hexagonal close packing layout between the layers, resulting in the monoclinic unit cell's β angle shifting from a value of 107°in the LP to a value close to 90°( 90.13°at 177 kbar) in the HP-I structure. In this structure the P atoms are slightly distorted along the a-axis (x coordinate value of 0.0074 at 177 kbar) of the unit cell, and this distortion results in the same C2/m symmetry in the HP-I structure. In the absence of the distortion of P atoms, HP-I would have a trigonal symmetry, but certain peak shapes can not be adequately fitted in refinements made with this space group so we conclude that it remains monoclinic. As there is no symmetry or even volume change associated with this LP -HP-I phase transition, it is consistent to observe it to occur so gradually over a large pressure range, in both FePS 3 and now V 0.9 PS 3 . Integrated x-ray diffraction patterns, Rietveld refinements and relevant parameters are shown in the Supplementary Material, SM at the end of this manuscript.
There are no sudden or discontinuous changes in the cell volume accompanying this shift; the c lattice spacing changes as its orientation is altered, but this does not reflect a change in the inter-layer spacing. The HP-I to HP-II first-order structural transition observed in FePS 3 [26] and linked there with the metallization, was not observed in V 0.9 PS 3 . In fact, no transitions or distortions of the HP-I phase were observed up to the maximum pressure measured -177 kbar.
Resistivity and insulator-metal transition
The temperature dependence of the resistivity ρ of a single crystal of V 0.9 PS 3 is shown in Fig. 2 .a for pressures p ranging from ambient up to 140 kbar. The ambient pressure resistivity (8 × 10 5 µΩcm) and an energy gap fitted from an Arrhenius e Ea/k b T form (0.2 eV) are consistent with values previously reported [31] for V 0.78 PS 3 and VPS 3 -these are substantially lower than all other members of the MPS 3 family. As pressure is increased, the overall magnitude of the resistivity is dramatically and continuously reduced, and the curves become shallower, suggesting a reduction of the effective band gap. Between 112 kbar and 124 kbar the resistivity switches from an increasing trend with decreasing temperature to a decreasing trend -the insulator-metal transition. An order-of magnitude estimate of the Mott-Ioffe-Regel limit [33] , following the treatment of Kurosaki et.al. [34] , is superimposed and falls between the insulating and metallic resistivity curves as expected. Besides the crossover from insulating to metallic behavior, there appear to be no sudden changes or transitions in the temperature dependence of the resistivity as pressure is increased -the evolution of the curves is smooth and continuous. As discussed in the previous section, there is a structural distortion from the LP to HP-I structure over the range 26-80 kbar, but no structural changes at pressures above this -the insulator-metal transition observed in the resistivity is not accompanied by any structural changes. An isostructural Mott transition such as this is a very rare phenomenon, particularly in van-der-Waals materials. Previous examples include specific transition-metaldichalcogenide systems [35, 36] , but an equivalent kink in lattice parameter pressure dependence to that seen in these cases was not observed here in V 0.9 PS 3 -there is no signature of the transition in the structure at all.
The resistivity in the high-pressure metallic state is replotted in detail in Fig. 2 .b. The resistivity shows a linear temperature dependence down to around 70 K, and then exhibits a flattening off and upturn below 40 K. The residual resistance ratio R 300K /R 2K is very low at around 1.2, as one would expect for a highly disordered system like V 0.9 PS 3 . As the lower inset shows, the upturn in the low temperature data can be described by the Kondo effect [37] , but alternative forms of localization could also be responsible for this feature.
Interestingly, and in contrast to the case of other MPX 3 materials such as FePS 3 [26] , the resistivity cannot be well described by a simple Arrhenius-type insulating temperature dependence -see supplementary material. The data were found to be best described by a generalized variable-range-hopping (VRH) [33, 38, 39] expression for highly locally disordered systems ρ = ρ 0 T e (T0/T ) α . The inclusion of a T n prefactor in the exponential resistivity of an insulator is a common method to describe the thermal dependence of scatterers in the system -we find a T -linear prefactor [40] to best fit the data. The exponent α is given by α = 1/(d + 1) with d the effective dimensionality of the system; T 0 is a characteristic temperature or energy scale of the electron hopping process. The insulator-metal transition is clearly visible as the point where resistivity no longer increases with decreasing temperature. The end point of the LP-HP-I mixed structural phase where the LP phase fraction goes to zero is accompanied by a visible kink in the resistivity curves at 80 kbar. The upper panel gives the pressure dependence of the VRH exponent α, with dotted lines showing the values expected for 1D, 2D and 3D systems of 1/2, 1/3 and 1/4. A strong pressure dependence of this exponent is observed, with α continuously decreasing in value as pressure is increased and the insulatormetal transition approached -the fits lose validity at pressures close to the transition. The T o characteristic temperature is also continuously suppressed (see supplementary material) as electron overlap is increased. As the application of pressure narrows the van-der-Waals gap between the crystal planes and increases hopping and tunneling between them, we can reasonably expect a gradual crossover from 2D to 3D conduction mechanisms. The greater overlap and correlation of vanadium sites across the crystal planes in HP-I, as well as the important P 2 S 6 -cluster conduction pathways will also bear a role. However the apparent one dimensional hopping at low pressures is less easily explained. One explanation could be one-dimensional 'chains' of conduction percolating through the lattice, with the continuous planes seen in other MPX 3 materials broken up by the vanadium vacancies and valence mixing. Dimerization of the vanadiumvanadium bonds due to the vacancies could again contribute to this picture. Another possibility is that the system is exhibiting so-called Efros-Shklovskii variablerange-hopping (ES-VRH) [41] [42] [43] which takes the same form as the standard Mott VRH but with an exponent α of 0.5, independent of dimensionality. ES-VRH results from the inclusion of electron-electron interactions and the development of a Coulomb gap at the Fermi level below a temperature characteristic of this gap.
DISCUSSION
We have demonstrated a continuous transition from insulating to metallic states in 2D antiferromagnet V 0.9 PS 3 . No change in the crystal lattice was observed in the vicinity of the transition, in contrast to previous results on FePS 3 and MnPS 3 where the insulatormetal transition is accompanied by a dramatic first order structural phase transition: a collapse of the inter-planar spacing. Mott's original and simplest explanation of the Mott transition [33] involves the gradual closing of the split metallic bands as the strength of electron hopping is increased, an eventual touching of the bands causing the metallization. This mechanism, rather than a structural change, appears to match the observed behavior in V 0.9 PS 3 . V 0.9 PS 3 does, however, undergo a structural transition or distortion -over the wide pressure range 26 to 80 kbar a new structural phase emerges attributed to a sliding motion of the crystal planes. This brings the c axis to approximately perpendicular to the planes, and hence the honeycombs of vanadium ions are no longer offset between planes. This is then consistent with an increase in hopping dimensionality. The sulfur atoms enter a hexagonal close packed configuration, and this HP-I structure is very close to possessing a trigonal symmetrya slight distortion in the phosphorus positions results in it belonging to the same monoclinic space group as the LP structure. This transition, common to all MPX 3 so far measured, occurs well below the metallization pressure. Accompanying this distortion is a continuous increase in the effective dimensionality in the variable-range-hopping expression found to fit the transport data. V 0.9 PS 3 forms a unique case -unlike other MPX 3 materials its resistivity follows a variable-range-hopping rather than an Arrhenius form, and unlike archetypal 3D VRH-metal transitions [44] , such as in doped silicon, the metallization process cannot be mapped onto a simple scaling relation. In such cases, the data follow the same functional form, but T 0 is continuously suppressed to zero -this is not the case here as the functional form of the resistivity is constantly and smoothly altered, in addition to T 0 , as the effective dimensionality of the electronic transport increases. The evolution of the VRH exponent from 1D to 2D-like can be potentially understood as originating from ES-VRH hopping, due to the formation of a Coulomb gap. As pressure and hence and inter-site hopping is increased, the Coulomb gap is suppressed and Mott VRH hopping discovered. This is then subsequently tuned to fully 3D hopping and metallization. The lattice remains 2D throughout, whereas the transport properties are continuously tuned between regimes, resulting in eventual metallization. This is a novel mechanism fundamentally in contrast to previous results, particularly in other members of this material's family, and the resistivity behavior close to metallization does not fit any conventional forms and is yet to be explained. A metallic temperature dependence of the resistivity was observed at pressures above 112 kbar, with a lowtemperature upturn potentially due to the Kondo Effect. The dilute magnetic impurities of which the Kondo Effect is a signature we can tentatively attribute to the vanadium deficiency and disordered valence mixing on the vanadium sites. As the system is known to be highly locally disordered however, alternative, more exotic, forms of localization could be responsible for this effect.
As the Mott transition is isostructural, it is likely to be second order and could potentially be tuned to a quantum critical point. We can also suspect from magnetotransport data that the metallization also involves a transition from antiferromagnetic order to paramagnetism, as is the case in vanadium oxides [45] . If this is found to be the case via further experiments, it would open the interesting possibility of a spin liquid phase of exotic nature near the critical point due to the honeycomb lattice, perhaps through a Kitaev interaction. And, of course, an extremely challenging but exciting experiment would be to examine the insulator-metal transition in monolayer, truly two-dimensional, VPS 3 . There additionally exists potential for the formation of a dimerized valence-bondsolid state [46] at high pressure. The spin 3/2 V 2+ positioned on a honeycomb lattice with antiferromagnetic order is a candidate for such a state, and our observations, paired with the changes in magnetic moment seen in the iron compounds at metallization [29] , consistent with its formation. VPS 3 has, until now, not been studied beyond its basic properties, while many other members of the MPX 3 family are enjoying wide attention for their potential in two-dimensional physics and technological applications. We have demonstrated that this material has many intriguing opportunities and puzzles for further work, and have demonstrated an isostructural Mott transition in a new class of 2D van-der-Waals material for the first time. The insulator-metal transition and the overall transport mechanisms contrast strongly to the behavior observed in other members of this family -more work is required to ascertain exactly why. The lack of an accompanying structural change suggests that the transport properties of V 0.9 PS 3 can be much more easily and responsively switched than in other van-der-Waals materials, whether by chemical doping, thin film strain or electrostatic gating. This and the material's small and highly tunable band gap show great promise for future device applications based on van-der-Waals materials.
METHODS
Single crystals of V 0.9 PS 3 were grown via a chemical vapor transport method in a two-zone tube furnace at temperatures of 600°C and 350°C for 1 month using 0.1 g of TeCl 4 flux for 1 g of reactants. Prior to the reaction, the quartz tubes used were cleaned and dried, loaded with V (99.5%), P (99.99%) and S (99.98%) powders under an argon atmosphere, then evacuated to 5 × 10 −3 mbar with an oil diffusion pump before sealing. The crystals form with a vanadium deficiency, due to its natural tendency to V 3+ valence (the transition metal in MPX 3 is M 2+ ), so a 20% excess of vanadium powder was added to the reactant mixture to attempt to mitigate this. Additionally, it is worth noting that these reactions will form V 2 S 3 or VS 2 at higher temperatures so it is desirable to keep the hot zone temperature as low as possible for the reaction (Klingen gives the solidstate reaction temperatures for MPX 3 [8] ) while allowing sufficient heat for the flux to function. Crystals were characterized by powder and single-crystal diffraction for phase purity and by EDX for stoichiometry. The samples used in this study had stoichiometry of V 0.9 PS 3 , with an uncertainty of ±0.05 on the 0.9 vanadium fraction.
The pressure evolution of the crystal structure was found from powder x-ray diffraction carried out at room temperature on the I15 beamline at the Diamond Light Source. The powder sample used was ground under an argon atmosphere (to prevent water uptake) and in liquid nitrogen to attempt to mitigate the effects of preferred orientation. Helium was used as the pressuretransmitting medium and the shift in fluorescence wavelength of ruby spheres placed inside the high pressure region was used as the pressure calibrant [47] . An x-ray energy of 29.2 KeV (λ = 0.4246 Å) was used to collect the diffraction patterns. A MAR345 2D detector with pixel size 100x100 µm was used to record the diffraction patterns with 120 s exposure times and a 24°rock-ing of the sample. The data were initially processed using Dawn [48] (with a LaB 6 calibration), the subsequent Rietveld refinements were calculated using the GSAS-II software package [49] and the structures visualized in VESTA [50] . For the structural refinements, a spherical harmonics model for the observed peak heights was used to take into account the strong (and pressure-dependent) effects of preferred orientation.
Resistivity measurements were performed on single crystals using a Keithley 2410 Source Meter with a fixed supplied current of 0.01 µA at ambient pressure, and for high pressures using the internal resistance bridge of the PPMS (Quantum Design) cryostat used for temperature control. To prepare the samples for these measurements, they were first mechanically cleaved to expose clean surfaces and a 50 nm layer of gold was then sputtered onto the surface to form contact pads via a foil mask. Gold wires were then bonded to these using Dupont 6838 silver epoxy, cured at 180°C for one hour.
A diamond anvil cell [51, 52] with 1 mm anvil culets and heat-treated Be-Cu gasket was used for the highpressure resistivity measurements. Glycerol was used as the pressure medium and ruby was used to determine the pressure as with the x-ray study. Estimated pressure uncertainties are ±1 kbar. Table I . Refinement parameters for the LP low-pressure phase at 11 kbar and the HP-I high-pressure phase at 177 kbar. Unlike in other MPX 3 materials such as FePS 3 [26] , the resistivity cannot be well described by a simple Arrheniustype insulating temperature dependence - Fig. 8 .a illustrates this by plotting ln(ρ/T ) against 1/T -the resulting plots are far from straight lines and can be fitted with a simple power law dependence. The simpler form ln(ρ) against 1/T for an equivalent plot gives an extremely similar result and is the standard test for Arrhenius e Ea/k b T resistivity. Fig. 8.b shows the extracted characteristic temperature T 0 and the room temperature resistivity. If the data follows variable-range-hopping expression ρ = ρ 0 T e (T0/T ) α , plotting ln(ρ/T ) against 1/T as in Fig. 8 .a then yields an expression ln(ρ/T ) = ln(ρ 0 ) + T α 0 (1/T ) α and so the exponent α can easily be found from a non-linear least-squares fit. Such fits are shown overlayed onto the data curves -good fits are seen up to pressures around 80 kbar, but then the quality of fits starts to decrease as the data move away from the VRH form, particularly at lower temperatures, as the insulator-metal transition is approached.
As the transition is approached, the T o characteristic temperature is continuously suppressed -again, no clear abrupt changes -until the VRH expression breaks down in the close proximity of metallization above 80 kbar. As electron overlap is increased by pressure, the hopping energies are gradually decreasing. The decrease in the roomtemperature resistivity -a metric which is of course independent of any fitting methodology -is once again smooth and continuous, except for the insulator-metal transition at 112-124 kbar and a slight kink or change of slope around 80 kbar. 80 kbar corresponds to the maximum pressure of the LP -HP-I structural crossover, so a change in ρ(p) can be expected here as phase ratios are no longer changing and affecting the resistivity.
